The effects of stroke are debilitating on the American population. Past studies of robot-aided motor training for survivors have proven to be effective in upper limb motor recovery. However, survivors also suffer from loss or impairment of sensation. Sensory impairment is an important predictor for motor recovery of stroke survivors. Studies have suggested that sensory inputs during robot-aided motor training might be critical for the creation and promotion of cortical reconstruction due to brain plasticity during post-stroke recovery. This paper presents a new haptic display for the handle of the InMotion2 robot in order to enhance cutaneous sensory inputs for stroke survivors during hand motion. The sensory enhancement is realized through pins attached to servomotors mounted inside the robot handle that vibrate and contact the middle and index fingers, the palm, and the thumb during motor training. Each servomotor is independently controlled using a computer via parallel port with a Field-Programmable Gate Array (FPGA) board as the hardware interface.
INTRODUCTION
Every 45 seconds, someone in the United States has a stroke. Stroke killed an estimated 163,538 people in 2001 and is the nation's third leading cause of death, ranking just behind diseases of the heart and all forms of cancer. Stroke is a leading cause of serious, long-term disability in the United States. Each year more than 700,000 Americans suffer a stroke, of which about 500,000 are first attacks (200,000 recurrent attacks). From the early 1970s to early 1990s, the estimated number of non-institutionalized stroke survivors increased from 1.5 to 2.4 million and an estimated 4.7 million stroke survivors are alive today. In 2004, the estimated total of direct and indirect cost of stroke is $53.6 billion [1] . Approximately 50% to 60% of stroke survivors are moderately or minimally impaired, who may greatly benefit from rehabilitation [2, 3, 4, 5] . Loss of arm function is perceived as a major problem by the majority of chronic stroke patients [6] . Up to 3.1 million stroke survivors have a loss of protective, proprioceptive, and touch sensation [7, 8] . There has been a strong demand from patients and caregivers to develop effective treatments to improve sensorimotor function of hemiparetic arm/hand for stroke survivors to improve the patients' quality of life and to reduce socioeconomic impact of the disease-induced disability.
Studies have shown that activity-dependent cortical plasticity, which is the reorganization of the cerebral cortex of the brain, accompanies motor learning; and that rehabilitation and training influence the pattern of reorganization [9, 10] . Consequently, several treatment approaches have been introduced to improve sensorimotor function, including muscle strength training [11, 12] , task-specific practice [13, 14] , forced use of the paretic limb by restraining the contra-lateral limb [15, 16] , and robot-aided motor training [17, 18, 19, 20] . Studies of robot-aided motor training have shown that it is more productive for patient treatment and more effective for functional improvement of the paretic limb after training rather than conventional physical therapy [21] .
Although robot-aided motor training has been proven to be more effective than conventional physical therapy for functional improvement of stroke patients' paretic limbs, patients can encounter great difficulty in sensing hand contact with the robot handle. Because the patients have diminished sensation, the probability of cortical reorganization and motor recovery decreases. Past studies have shown that sensory impairment is a predictor for the motor recovery of stroke patients [6, 22] . Moreover, sensory inputs during motor training could be a source of critical triggering signals that evokes and promotes cortical plasticity [7] . In order to improve the effectiveness of robot-aided motor training, the addition of haptic displays, i.e., enhanced cutaneous sensory inputs, may increase sensory feedback for stroke patients (critical for motor recovery). By adding enhanced cutaneous sensory inputs to the handle of the InMotion2 robot, stroke patients may receive more effective robot-aided motor training. The design of the haptic display requires cutaneous sensory input applied to the palmar side of the middle and index fingers, the thumb, and the palm of the patient. It has been shown that an indentation of 0.002m to those fingers and palm is optimal [23] . Studies have shown that vibration stimuli of around 30 Hz can be sensed by human skin [24] . The robot-aided motor training program should be able to adjust the amplitude and the frequency in real time if the patient is not able to feel the vibration.
This paper presents the design and implementation of a cost-effective sensory-enhanced handle that uses radio control servomotors to produce the cutaneous sensory inputs. The servomotors can be controlled by the same computer that controls the InMotion2 robot [25] . This design has been validated through the fabrication of a prototype handle.
HARDWARE
The InMotion2 robot is based on the patented MIT-MANUS technology and is commercially available from Interactive Motion Technologies, Inc. [25] . This robot (Figures la and lb) is a novel tool for teaching and therapy in manual and manipulative skills. It is capable of safely "shaping" motor skills -a machine implementation of "hand-over-hand" instruction [25] . An interactive robotic therapist interacts with a patient to shape the motor skills of the patient by guiding the patient's limb through a series of desired exercises with a robotic arm. The patient's limb is brought through a full range of motion to rehabilitate multiple muscle groups [26] . This robot has been effectively tested at Burke Rehabilitation Hospital in White Plains, NY [27] .
The size of the servomotor was one of the main criteria in choosing the appropriate servomotor for the haptic display. The servomotors were required to fit inside a cylindrical handle with a minimum diameter with appropriate angular velocity and torque. The MX-50HP/BB, manufactured by Maxx Products International, was chosen and used. This is a high performance servomotor ( Figure 1c ) that combines low weight, small size, high speed and appropriate torque with low cost. Each servomotor is slightly larger than a quarter, rotates 60 degrees in 80 milliseconds, and produces 0.18 Newton-meter of torque [28] . In order to produce a displacement of 0.002m (the amplitude required for the vibration), an arm that is 0.01m in length (calculated from the center of the rotating shaft) has to rotate about 6 degrees. Since the angle of rotation is small, it can be simplified as a vertical motion for calculation purposes. The peak speed of the servomotor is given as 80ms per 60 degrees. Hence for an angular displacement of about 6 degrees, theoretically it should take only 8ms. However this calculation does not consider the slew rate. It has been found that both the 10% to 90% rise time and the 90% to 10% fall time was 41ms for a 0.002m displacement [28] . As the amplitude is increased, the speed will be largely limited by the slew rate. For smaller amplitudes it is possible to produce frequencies close to 30Hz which is acceptable in this study. In order to transfer deformation to the skin, a 0.001m diameter steel wire was used to fabricate mechanical pins. Each pin was bent at the required hole on the plastic arm at a right angle. Sorbothane, a proprietary viscoelastic and polymeric solid manufactured by Ergotech Protective Devices Inc., was selected to be placed around the external cylindrical enclosure. This sheet of Sorbothane would act as a vibration filter by eliminating the undesirable vibration. Ergotech sells handle covers to reduce fatigue and undesirable vibration with a thickness of 1/10" and bonded with a non-slip Toughtek cover. DesignCAD 3D MAX Version 12.0.023 was used to create accurate and technical drawings for the handle design in order to evaluate different options (Figure 1 c) .
In the prototype handle, the servos are mounted and glued onto a high density plastic cuboid that has grooves cut into it to fit the servos. This single piece of plastic holds the servos in place. High density plastic is chosen due to its ease of machining. The arrangement is then enclosed in an external cover, which is also made of high density plastic. In the final design, holes will be drilled into the external cover to enable the steel pins to protrude out just enough to produce the necessary cutaneous sensory input. The arrangement in Figures 2a and 2b shows five servomotors clearly and one at the bottom that is only partially visible. The servos are numbered 0 to 5. The design requirement was to have a minimum of four servos in the handle but six servos were used to show the scalability of the design. Thus more sensory inputs could be given to the palm of the patient, if required. Human factors were important design constraints for the servo arrangement. The handle is designed in such a way that it avoids radial and ulnar deviation, and wrist flexion and extension. If a patient was forced to hold the robot handle during a training session such that there was radial deviation, the patient would experience unnecessary pain after the session.
3. SOFTWARE One of the main advantages of using an off-the-shelf servomotor is that it is simple and easy to control. It includes a motor, gearbox, in-built position feedback mechanism and controlling electronics. The servomotors have three a wire interface, one for the positive of the power supply, one for the ground/negative and one for the control signal. The servomotors are powered by an external 4.5V power supply. Each servomotor can be controlled to move to any position by using pulse width modulation. The control pulse is a positive going pulse with 'On' time of 0.7ms to 2.3ms followed by 'Off time of 12ms to 20ms. Thus the time period of one whole pulse is about 14ms. During the 'On' time the pulse is high (3V to 5V) and during the 'Off time the pulse is low (OV). For this particular servomotor, sending 0.7ms 'On' time pulses sets the servo to one end position and sending 2.3ms pulses sets it to the other end position. Sending 1.5ms pulses sets the servo motor to the center position. The total angular displacement of the arm of this servomotor is measured to be about 185 degrees.
Although controlling the servomotor is relatively simple and commercial servo control chips are easily available, none of them provide the flexibility and the features required for this application. They are either limited by the number of servomotors that can be controlled at a time or the speed at which the control can be switched between the servos. The sensory-enhanced handle requires the controlling of the frequency and amplitude of each servomotor independently at all times. Hence a custom control is desired for this application. A custom control similar to the one used in [28] is implemented. The specific platform selected for this purpose is the XSA-50, manufactured by XESS Corp. This is a development platform available off-the-shelf that contains a Xilinx(C Spartan-II Field-Programmable Gate Array (FPGA), flash memory and a 100MHz onboard programmable clock. Using a FPGA with 50,000 gates makes the design extremely scalable and flexible which is difficult to achieve by using the commercial servo controllers. The FPGA is programmed using Very High Speed Integrated Circuit Hardware Description Language (VHDL). The digital design consists of two main components -a decoder implemented as a Finite State Machine (FSM) and a programmable pulse generator. The decoder is used for selecting the specific servomotor and the pulse generator produces the required control signal to be sent to the servomotor. The XSA-50 platform is connected to the computer through the parallel port (Figure 2c) , of the same computer that is used to control the InMotion2 robot. Six out of the eight data pins of the parallel port are used to send signals from the computer to the XSA-50 platform. Since four bits are used to select a servomotor, the software component of the sensoryenhanced handle can be scaled up to control 16 servomotors without any major modification. The current design of FPGA-based controller provides 4 bit resolution for the amplitude. For additional resolution, the unused pins from the parallel port can be used. The programmable pulse generator is an improvised version of a down counter. The on-board clock is set at a frequency of 50MHz. This frequency is divided by 1024 within the VHDL program giving a new clock frequency of 48.83kHz. This is used as the clock input for the pulse generator. The 'Off time of the pulse is a constant and it is set at 13ms, a safe value as the 'Off time should be at least above 12ms. If this time is too small, then the servomotor arm will not have enough time to rotate to the opposite side of the initial motion. Since the required motion is vibratory, the arm of the servomotor is set at its midpoint and from there an angular displacement of +6 degrees is applied. This angular displacement is converted in terms of time period as +0.14ms from the midpoint.
The servomotor can be rotated to its midpoint by applying a pulse with 'On' time of about 1.5ms. This time period is equal to 73 pulses at the clock frequency of 48.83kHz. Similarly 0.14ms is approximately equal to 7 clock pulses. A down counter is implemented, initially at 73. If the counter starts from 73-7=66, then the servomotor arm will move in one direction. In the subsequent cycle when the counter starts from 73+7=80, then the servomotor arm will move in the opposite direction. The amplitude can be increased by increasing the number to be added or subtracted from 73. But due to the slew rate, increasing the amplitude will result in the reduction of the frequency of vibration. Figure 2 shows the prototype handle connected to the XSA-50 platform using separate single-lead wires. This connection will be replaced by ribbon cables in the final design. This type of connection was preferred for the prototype as it was easy to debug. The XSA-50 board and all the servomotors are connected to a breadboard for ease of debugging. Figure 2 . (a) The designed handle, (b) the handle with the cover, and (c) the control system. During the robot-aided training, various servomotors will be actuated depending on the movement of the robot arm. The computer that controls the InMotion2 robot is a natural choice to control the servomotors too. Since controlling the servomotors is not processor intensive, running the servo control program in the same computer doe not cause any hindrance to the robot-aided training programs. This makes it easier to integrate the sensory-enhanced handle with the InMotion2 robot both in terms of hardware and software. The robot controller runs on the Linux operating system. The robot controller is developed using C programming language and the user interface is created using Tcl/TK. The servo control software is also written in C programming language. To start and to stop any servomotor a series of five signals are sent to the parallel port. As far as the software is concerned it is simple output calls to the parallel port. Each parallel port output call only takes about 1 psec.
CONCLUSION
The proposed experiment is aimed at developing a new stroke rehabilitation program to facilitate sensory inputs of a haptic display with robot-aided motor training, and to prove the concept that sensory enhancement integrated with motor training can further improve sensorimotor function for hemiparetic upper limbs of stroke patients. A total of 40 stroke patients with sensorimotor deficits will be recruited and randomly assigned to an experimental or a control group. Subjects in the experimental group will undergo robot-aided training with enhanced cutaneous sensory inputs. Subjects in the control group will be trained in the same motor tasks, but without enhanced sensory inputs. Subjects in both groups will be evaluated for their sensory and motor function in a baseline, an end-treatment, and follow-up tests. The effectiveness of enhanced sensory inputs for motor recovery will be assessed through the comparison of outcomes of two training programs.
